ABSTRACT: Equine protozoal myeloencephalitis (EPM) due to Sarcocystis neurona infection is 1 of the most common neurologic diseases in horses in the United States. The mechanisms by which most horses resist disease, as well as the possible mechanisms by which the immune system may be suppressed in horses that develop EPM, are not known. Therefore, the objectives of this study were to determine whether horses experimentally infected with S. neurona developed suppressed immune responses. Thirteen horses that were negative for S. neurona antibodies in serum and cerebrospinal fluid (CSF) were randomly assigned to control (n ϭ 5) or infected (n ϭ 8) treatment groups. Neurologic exams and cerebrospinal fluid analyses were performed prior to, and following, S. neurona infection. Prior to, and at multiple time points following infection, immune parameters were determined. All 8 S. neurona-infected horses developed clinical signs consistent with EPM, and had S. neurona antibodies in the serum and CSF. Both infected and control horses had increased percentages (P Ͻ 0.05) of B cells at 28 days postinfection. Infected horses had significantly decreased (P Ͻ 0.05) proliferation responses as measured by thymidine incorporation to nonspecific mitogens phorbol myristate acetate (PMA) and ionomycin (I) as soon as 2 days postinfection.
Sarcocystis neurona is the predominant causative agent of equine protozoal myeloencephalitis (EPM) in horses in the United States (Dubey et al., 1991) . Horses are exposed through the ingestion of sporocysts in contaminated feedstuffs (MacKay et al., 1997a (MacKay et al., , 1997b . Following exposure, most horses become seropositive, but do not display clinical signs during their lifetime. However, in a small (0.5-1%) percentage of horses, S. neurona migrates to the central nervous system to cause encephalitis (MacKay et al., 1997b ; National Animal Health Monitoring System [NAHMS], 2001) . Currently, there is a critical gap of knowledge regarding the mechanisms by which S. neurona traverses the body, penetrates the blood-brain barrier, and causes disease. Furthermore, there have also been questions raised about the immunocompetence of the horses that develop disease. As only a small percentage of infected horses develop clinical signs, it appears that there may be other factors, such as immune competence or genetics, that could contribute to the development of EPM.
Regarding immune function, it is not clear whether horses have a suppressed immune function prior to infection, thus increasing the likelihood that they develop disease, or whether horses become infected and then their immune system is suppressed either because of S. neurona-specific or nonspecific factors (Saville et al., 2000; Tornquist et al., 2001; Spencer et al., 2004 Spencer et al., , 2005 . With other protozoan agents, e.g., Toxoplasma gondii, it has been shown that the protozoans are capable of suppressing the host immune response (Gazzinelli et al., 1993; Shapira et al., 2004) . Therefore, it seems plausible that S. neurona could also suppress the host immune response, although this has not been evaluated. With regard to the possibility that horses are immunocompromised prior to infection, Saville et al. (2000) demonstrated that horses that are competing, pregnant, in training, traveling, or have a few other risk factors, have an increased risk of developing disease. This study implies that these stressful lifestyles may cause at least transient immune dysfunction that may increase the susceptibility of the horse to S. neurona-mediated encephalitis.
More recently, there have been a few studies examining both experimentally infected and naturally infected horses. These studies suggest that EPM-affected horses may have an altered or compromised immune response compared to horses that do not have EPM. Tornquist et al. (2001) and Spencer et al. (2004 Spencer et al. ( , 2005 both demonstrated that EPM-affected horses have suppressed immune responses to antigen-specific mitogens. Furthermore, Spencer et al. (2005) established that lymphocytes from horses with EPM had increased interleukin-4 (IL-4) expression compared to normal horses. Interleukin-4 is associated with a CD4 T-helper type 2 (Th2) response, which is not favorable to clearance of many intracellular agents, e.g., T. gondii, Brucella spp. (Gazzinelli et al., 1992 (Gazzinelli et al., , 1993 Splitter et al., 1996; Suzuki 2002a Suzuki , 2002b . Rather than mounting a Th2 response, ideal protection against some intracellular pathogens, including S. neurona, consists of a strong cell-mediated immune response. Optimally, this includes both CD4 Th1 and CD8 cells, which produce interferon-gamma (IFN-gamma), based on murine studies (Dubey and Lindsay, 1998; Witonsky et al., 2003a Witonsky et al., , 2003b Witonsky et al., 2005) .
Because there have been many challenges in investigating S. neurona and EPM when naturally occurring cases have been utilized, researchers have employed both murine and equine models. From the murine models, it has been determined that IFN-gamma mediated activity is critical for a protective immune response to prevention and/or minimizing clinical disease (Dubey and Lindsay, 1998; Witonsky et al., 2003a Witonsky et al., , 2003b . Furthermore, Witonsky et al. (2005) demonstrated that CD8 cells were critical to protection in a C57BL/6 murine model. Based on these data, we hypothesized that functional cytotoxic T cells subset 1 (CD8 Tc1) as well as CD4 Th1 cells and other IFN-gamma-producing cells (Sellon et al., 2004) are optimal for prevention of encephalitis associated with S. neurona infection. Therefore, it appears plausible that horses that develop EPM may have altered immune function of any of these IFN-gamma-producing cell populations either prior to or as a result of the S. neurona infection.
To determine whether horses that are infected with S. neurona develop altered immune function, specifically of CD4 or CD8 cells, we experimentally infected horses with S. neurona. Our hypothesis was that horses experimentally infected with S. neurona would develop clinical neurologic signs, and they would have suppressed CD8 responses in vitro compared to uninfected controls. To assess the immune response, we determined whether there were changes in immune cell subsets as measured by flow cytometry. We evaluated immune function based on antigen-specific and nonspecific proliferation and IFN-gamma production.
MATERIALS AND METHODS

Animals
Thirteen horses were employed for this study. There were 11 yearlings, 1 12-yr-old, and 1 19-yr-old horse. There were 11 quarter horses or quarter-horse crosses, 1 Arabian, and 1 American paint horse. Of these, there were 4 females, 3 geldings, and 6 stallions. All of the horses were negative for cervical disease, as determined by cervical radiography. All horses were vaccinated with eastern and western encephalitis, rhinopneumonitis, influenza virus, and West Nile virus. They were dewormed with ivermectin and had negative Coggins tests prior to the study; all horses were seronegative for equine viral arteritis (EVA). Complete neurologic exams and cerebral spinal fluid (CSF) taps were performed, and all horses were negative for S. neurona antibodies in the CSF based on both Western blot (WB) analysis (Granstrom et al., 1993) and surface antigen-1 [SAG-1]) analysis (Ellison et al., 2003a) . Western blot analysis was performed at commercial laboratories (EBI/ IDEXX, Lexington, Kentucky, and Neogen, Lexington, Kentucky). SAG-1 ELISAs were performed by Ellison (Pathogenes, Inc., Fairfield, Florida) . All horses were seronegative for S. neurona antibodies based on SAG-1 ELISA, and there were 2 low positive by WB. Horses were randomly divided into controls (n ϭ 5) and infected (n ϭ 8).
Experimental infection
For infection studies, horses were infected with S. neurona (SN3) merozoites as previously described (Ellison et al., 2003b . Briefly, peripheral blood was collected from each horse in EDTA tubes. Peripheral blood mononuclear cells were isolated from the blood utilizing Optiprep (Sigma, St. Louis, Missouri). For the horses in the infected group, enriched cells from each horse were then infected with 6,000 S. neurona merozoites in media. Infected cells were cultured overnight at 37 C in 5% CO 2 . The following day, each horse was given back autologous cells with or without S. neurona intravenously. Horses were infected once daily for 14 days (Ellison et al., 2003b .
Experimental design
Baseline blood samples for immune function were collected 13 days (Day-13) prior to infection. Horses were infected as described above . Horses were maintained in Florida on open pasture with free exercise. Beginning at Day 14 postinfection (PI), all horses were lounged daily for 5 min each direction. Blood was collected to assess alterations in immune function at Days 1, 2, 5, 13, 28, and 48 PI. Repeat neurologic exams, serologic analysis, and CSF taps were performed at Days 28 and 55 PI.
Clinical pathology
Complete blood counts with differentials and chemistry panels were performed on all of the horses at days 1, 7, 41, 46, and 65 PI (Professional Veterinary Laboratory, Ocala, Florida).
Collection of blood samples for immune function studies
From each horse, approximately 30-40 ml of peripheral venous blood was obtained in tubes containing lithium heparin anticoagulant (Vacutainer tubes, Fisher Scientific, Suwanee, Georgia) by aseptic venipuncture from either left or right jugular vein from all horses. Two horses from the Virginia Maryland Regional College of Veterinary Medicine teaching herd were used as internal controls. Control blood, to simulate storage of shipped samples, was stored overnight at 4 C in the refrigerator. Blood was collected from the horses in Florida and shipped at 4 C via overnight carrier.
All samples were analyzed on the following day. All stored or shipped blood was warmed up to room temperature (23 Ϯ 2 C) before evaluation.
Isolation of peripheral blood mononuclear cells (PBMCs)
PBMCs were isolated from whole blood by density gradient centrifugation, as previously described (Witonsky et al., 2003c; Yang et al., 2006) . Briefly, whole blood at room temperature was diluted with phosphate-buffered saline (PBS, Mediatech, Herndon, Virginia) at a ratio of 1:2 before the diluted blood was carefully layered on Lymphoprep (Lymphoprep 1.077, Greine, New Jersey). All reagents were at room temperature to optimize for enriched lymphocytes. Samples were centrifuged at 1,500 rpm (350 g) for 30 min at 23 C. The buffy coat containing the enriched leukocytes was collected and diluted minimally with an equal volume of PBS. Cells were centrifuged at 1,300 rpm (250 g) for 10 min at 4 C. The supernatant was removed from each tube and each sample was resuspended in PBS, washed twice, and centrifuged at 1,300 rpm (250 g) for 5 min at 4 C. Cell counts were determined with the CASY-1 (TTC cell counter and analyzer system, Sharfe System, GMbH, Reutingen, Germany). Cells were resuspended to a final concentration of 2 ϫ 10 6 /ml in complete RPMI 1640 (Cellgro RPMI 1640 1ϫ; Thomas Scientific) with 1% L-glutamine, HEPES buffer 25 mM, 10% heat-inactivated fetal bovine serum (Atlanta Biologicals, Lawrenceville, Georgia), penicillin (50 IU/ml), and streptomycin (50 IU/ml) (Sigma). The PBMC were then used in the following assays.
Cytospin preparation
PBMC (0.25 ϫ 10 6 cells) were diluted with 100 l PBS and loaded in a centrifugation chamber containing a glass slide. Each chamber was placed into a cytocentrifuge (Cyto-Teck centrifuge, Sakura Finetechnical Co., Tokyo, Japan), and centrifuged at 500 rpm (30 g) for 5 min. The slides were air dried, followed by fixing and staining with modified Wright stain. Coverslips were placed, and 5-point differentials were performed on 100 cells per sample (Witonsky et al., 2003c) .
Flow cytometry
Single staining was performed on each sample. For each sample, 5 ϫ 10 5 cells per stain were placed in a 96-well round bottom plate (Corning Glass Works, Corning, New York). Cells were washed with PBS (4 C) and centrifuged at 1,300 rpm (250 g) for 5 min at 4 C. The following primary monoclonal antibodies were added to the appropriate individually aliquoted sample: mouse anti-equine CD4 (cell line HB61A, IgG 1 , VMRD, Pullman, Washington), mouse anti-equine CD8 (cell line HT14A, IgG 1 ; VMRD), B-cell (mouse anti-equine CD5 antibody, cell line B29A, IgG 2a ; VMRD), and DH59b antibody (mouse anti-equine IgG 1 ; VMRD), which stains equine neutrophils and monocytes. The latter 2 populations can be differentiated based on granularity of the cells. Cells were incubated with 0.5 g of the primary antibody for 20 min at 4 C. Cells were washed, and then incubated for 20 min at 4 C with 0.5 g secondary antibody of either fluorescein isothiocyanate (FITC) rat anti-mouse IgG 1 (for conjugation to CD4, CD8, and DH59b antibodies) (Pharmingen, San Diego, California) or phycoerythrin (PE) rat anti-mouse IgG 2a (for conjugation to the B-cell antibody) (Pharmingen). Unstained samples were incubated with PBS. Cells were washed and resuspended in 100 l PBS (4 C) for flow cytometry (EPICS XL flow cytometer, Coulter, Hialeah, Florida). One hundred microliters of 7-AAD (7-amino actinomycin D) at 0.1 g/ml (Molecular Probes, Eugene, Oregon) was added to each sample. The plate was incubated for no more than 30 min on ice in the dark. Five or 10,000 cells per gated sample were collected by the flow cytometer. Based on the intensity of staining, cells were classified by their subset and as either 7AAD dull (live cells), 7AAD moderate (early apoptosis), or 7AAD bright (late apoptosis) (Gogal et al., 2000; Yang et al., 2006) .
Live merozoite preparation
Sarcocystis neurona merozoites (SN-37R) were grown and maintained in African green monkey (Cercopithecus aethiops) kidney cells (CV-1 cells, ATTC CCL-70, American Type Culture Collection, Rockville, Maryland). Merozoites were harvested from CV-1 cells by removing the media (RPMI with L-glutamine, HEPES buffer 25 mM, 2% FBS, 5 ml of sodium pyruvate solution/500 ml bottle, 50 IU/ml of penicillin/streptomycin solution). The merozoite suspension was filtered through a 3-M filter and centrifuged at 1,500 rpm (350 g) for 10 min at room temperature, and then resuspended in complete media. The merozoites were enumerated with a hematocytometer and resuspended at a concentration of 1 ϫ 10 5 /ml with complete media (Lindsay et al., 2000) .
Lymphocyte proliferation assays
A 100-l aliquot of equine enriched lymphocytes (2 ϫ 10 6 /ml) was cultured in triplicate wells together with 100 l of the appropriate optimized mitogen or live merozoites (1 ϫ 10 5 /ml). Mitogens included 2 g/ml or 10 g/ml concanavalin (ConA, Sigma), 2 g/ml pokeweed mitogen (PWM; Sigma), 40 ng/ml phorbol myristate acetate (PMA) and 20 pg/ml ionomycin (Sigma). Final concentrations of the mitogens in cell suspension were PWM: 1 g/ml, ConA: 1 and 5 g/ml, PMA 20 ng/ml, and ionomycin 10 pg/ml. Cells were incubated at 37 C in humidified 5% CO 2 and pulsed with 1 Ci 3 H-thymidine (MP Biomedicals, Irvine, California) after 48 hr culture. Plates were harvested 18-24 hr later with the use of a Filtermake harvester (Packard Bioscience, Billerica, Massachusetts). Delta counts per minute (⌬CPM) was calculated as the mean CPM of cells with mitogens minus mean CPM of cells without mitogens (Witonsky et al., 2003c; Yang et al., 2006) .
SAG-1 blastogenesis assay
Recombinant SAG-1 (Spencer et al., 2004 ) (50 l) of 10 g/ml was added to 96 round-bottom wells overnight at 4 C. The plate was then washed twice with PBS prior to adding cells.
A 100-l aliquot of enriched equine lymphocytes (2 ϫ 10 6 /ml) was cultured in triplicate. Media or ConA (5 g/ml) (100 l/well) was added to noncoated wells. Samples were run in triplicate. Cells were incubated at 37 C in humidified 5% CO 2 incubator and pulsed with 1 Ci 3 Hthymidine (MP Biomedicals) after 72 hr culture. Plates were harvested 18-24 hr later with the use of a Filtermake harvester (Packard Bioscience). Delta counts per minute (⌬CPM) was calculated as the mean CPM of cells with mitogens minus mean CPM of cells from unstimulated cells in media (Witonsky et al., 2003; Yang et al., 2006) .
Interferon-gamma cytokine production
Cells were plated in a 96-well round-bottom plate at 5 ϫ 10 5 cells per well. A 100-l aliquot of the appropriate mitogen (ConA 10 g/ ml) or merozoites (10 4 /well) or media only was added with brefeldin (5 g/ml) (Epicentre, Madison, Wisconsin). Brefeldin is a protein transport inhibitor that is added during the incubation period to prevent secretion of cytokines. Thus, the cytokines can then be detected by flow cytometry at the culmination of the incubation period. Cells were stimulated overnight at 37 C in humidified 5% CO 2 incubator. Cells were stained for CD4 or CD8 followed by IFN-␥ with the use of a modified protocol (Belz et al., 2001; Hines et al., 2003) . Briefly, plates were centrifuged at 1,300 rpm (250 g) ϫ 5 min. Supernatants were discarded. Cell surface staining for CD4 or CD8 was performed as described above except that brefeldin (1 g/ml) was added to all solutions. Cells were then washed with PBS. Cells were then fixed in 2% paraformaldehyde for 15 min at 4 C. Cells were washed and permeabilized with 0.5% saponin for 10 min at room temperature. Cells were then washed in permeabilization (saponin) buffer and then bovine IFN-␥ (mouse antibovine IgG1; Serotec, Raleigh, North Carolina) that had already been complexed with Zenon PE-IgG1 beads (Molecular Probes, Carlsbad, California) was added to the cells for 30 min at 4 C. Following incubation, cells were washed and 5,000 gated events per sample were analyzed by the Coulter flow cytometer.
Statistical analysis
Analysis of variance (ANOVA) was conducted with the use of the MIXED procedure of the SAS system (version 8.9.1.2, SAS Institute Inc., Cary, North Carolina) to test for main effects of infection status and day as well as their interaction. Standard residual plots were used to assess model adequacy. Results are expressed as mean Ϯ SEM. Significance was P Ͻ 0.05.
RESULTS
Clinical signs
Three of 8 S. neurona-infected horses developed clinical neurologic signs consistent with EPM by Day 6 PI, and the remaining 5 of 8 infected horses developed clinical neurologic signs by Day 15 PI. Sarcocystis neurona-infected horses developed a minimum of Grade II ataxia (Reed, 1998) during the course of the study. All S. neurona-infected horses were seropositive by Day 55 PI based on WB as well as SAG-1 ELISA. All S. neurona-infected horses were positive for S. neuronspecific antibodies in the CSF by SAG-1 ELISA by Day 55 PI. Seven of 8 horses were positive by WB for antibodies to S. neurona in the CSF at Day 55 PI. Only 2 CSF taps were performed, the last of which was at Day 55 PI. The eighth horse was not positive for antibodies to S. neurona in the CSF at this time as detected by WB, but did have antibodies in the CSF based on SAG-1 ELISA. The horse had neurologic signs consistent with EPM, and the horse's serum titer was 1:360. Ellison has previously demonstrated differences in S. neurona antibody detection based on the test and conditions employed (Ellison et al., 2002) .
Clinical pathology
Abnormal results of complete blood counts and leukocyte differentials on the horses at the various time points are summarized as follows. Prior to infection, 9 of 13 horses had low hematocrit values (Hct) between 26 and 31% (reference interval 34-50%), but all 13/13 horses had red-blood-cell (RBC) counts within the normal reference interval. One horse was neutropenic (1,080 cells/l; reference interval 2,450-6,500 cells/l). One horse had an increased total protein (hyperproteinemia) (8 g/dl, reference range 5.1-7.2 g/dl) and 3 of 13 horses had slightly increased fibrinogen levels (hyperfibrinogenemia) (each with 500 mg/dl, reference interval 100-400 mg/dl). At Day 1 PI, 8 of 13 horses were anemic based on low RBC counts. Of these, 6 of 8 were from the infected treatment group and 2 of 8 were from the uninfected treatment group. By Day 7 PI, 2 of 13 horses had mildly low RBC counts, but these were from the control group, and they did not previously have low RBC counts. At each subsequent time point, there was 1 horse with a low RBC count, but the affected horse was inconsistent between days.
Results of the chemistry panels showed no significant differences between infected and control horses. One of the 13 horses that was from the infected treatment group had an increased GGT 80 IU/L (reference interval 5-29 IU/L) on Day 7 and Day 1 PI, but the value was within the normal range after Day 1 PI. Other mild abnormalities were found, but these were not considered important or related to S. neurona infection. 
Leukocyte expression and viability
Leukocyte subset expression was not altered by S. neurona infection compared to controls early postinfection (Figs. 1-3) . However, on Day 28 PI, there was a transient significant increase (P Ͻ 0.05) in the percentage of neutrophils (11.2% control vs. 17% infected). Also on Day 28 PI, there was a significant increase (P Ͻ 0.05) in B-cell percentages in both the infected and control horses compared to baseline, but no significant differences (P Ͼ 0.05) between infected versus control horses (Fig. 3 ).
There were some significant (P Ͻ 0.05) changes in viability as determined by 7-AAD staining of immune cell subsets. On Day 28 PI, there was a decrease in the percent viable CD8 cells (89.99% viable of controls vs. 76.92% viable in infected population). Additionally, by Day 48 PI, there was a significant decrease (P Ͻ 0.05) in the percentage of viable B cells in the infected (45.57%) horses compared to the control (63.04%) horses. No other significant differences in viability were detected.
Cytology
Cytospins were prepared and analyzed primarily as a means of confirming the purity of lymphocytes from our enrichment method. We have previously determined that if there is a moderate amount of neutrophil contamination, i.e., 10%, this can affect our proliferation responses (Witonsky et al., 2003c) . Neutrophil contamination has been shown to cause decreased proliferation responses (Witonsky et al., 2003c) . A very limited number of samples had neutrophil contamination. This was a covariate in the statistical analysis.
Leukocyte proliferation assays
There were no significant differences in proliferation responses to ConA and PWM between infected and control horses. However, lymphocyte proliferation in response to PMA/I was significantly lower (P Ͻ 0.05) in infected horses compared to control horses at Days 2 and 28 PI (Fig. 4) .
There were no significant differences in lymphocyte proliferation following S. neurona-antigen-specific (merozoites) stimulation between control and S. neurona-infected horses (Fig. 5) . Additionally, there were no significant differences (P Ͼ 0.05) in response to SAG-1 antigen between S. neuronainfected versus control horses (data not shown).
Leukocyte-stimulated interferon-gamma production
Cellular immune function was also assessed based on IFNgamma cytokine production. Cells were stimulated overnight with either media only, ConA (10 g/ml) or S. neurona merozoites (10 4 /well). There were no significant differences in IFN-gamma production by CD4 cells of S. neurona-infected FIGURE 5. Proliferative response of lymphocytes from S. neuronainfected horses to S. neurona merozoites. Data for each group represented log-transformed mean ϮSEM of triplicates. There were 8 infected and 5 control horses. Day is day prior to (D-13) or following infection, e.g., D1. versus control horses. However, there were trends (P Յ 0.10) and some significant differences (P Ͻ 0.05) in CD8 cells and associated IFN-gamma production. When cells were stimulated with ConA for 18 hr overnight, S. neurona-infected horses at Day 5 PI had a decreased percentage (P Ͻ 0.05) of CD8 cells present versus control horses (Fig. 6a) . On Day 13 PI, when cells were stimulated overnight with ConA, there was a trend (P ϭ 0.06) toward an increased percentage of CD8 cells in S. neurona-infected versus control horses. With regard to ConAstimulated CD8-mediated IFN-gamma production, there was a trend (P ϭ 0.10) toward a significant interaction between date and infection status. However, there were no significant differences in the percentage of ConA-stimulated CD8 cells producing IFN gamma between infected and control horses (Fig. 6b) .
In regard to antigen-specific responses, there was a trend (P Ͻ 0.08) in date by infection status for differences between S. neurona-infected versus control horses in the percentage of CD8 cells following overnight stimulation with S. neurona merozoites. At Day 13 PI, there was a trend toward increased CD8 cells in S. neurona-infected horses following 18 hr overnight stimulation with merozoites compared to control horses (Fig.  7a) . Correspondingly, there was a significant (P Ͻ 0.05) interaction between date and infection status for IFN-gamma production by CD8 cells stimulated with merozoites by infected versus control horses. At Day 13 PI, there was a trend (P ϭ 0.06) toward a higher percentage of CD8 producing IFN-gamma cells in S. neurona-infected horses compared to control horses (Fig. 7b) . On Day 48 PI, there was also an increasing trend (P ϭ 0.09) in IFN-gamma production by CD8 cells from infected horses following merozoite stimulation.
DISCUSSION
Results from this study show that horses experimentally infected with S. neurona do develop altered in vitro and in vivo immune responses. Furthermore, some of these altered immune responses are consistent with those present in horses naturally infected with EPM (Yang et al., 2006) . The most significant finding was that horses experimentally infected with S. neurona do develop suppressed in vitro proliferation responses to PMA/I acutely following infection. Seven of 8 infected horses had suppressed in vitro immune responses to PMA/I 2 days following infection. Peripheral leukocytes that can respond to PMA/I include CD4, CD8, and B lymphocytes as well as NK cells. We will focus on determining the mechanism associated with the in vitro-suppressed PMA/I proliferation response. If we can determine whether and how S. neurona specifically mediates the changes in PMA/I proliferation, we may be able to use the assay as a supplemental diagnostic assay. Furthermore, if S. neurona mediates the suppression, we can determine whether there are other correlations between infection and the other changes in immune responses mentioned below.
With regard to changes in immune cell subsets and viability, we determined that at Day 28 PI, there was a significant decrease in the percentage of viable CD8 cells and a significant increase in the percentage of neutrophils in infected horses compared to controls. Also at Day 28 PI, there was a significant increase in the percentage of B cells in both infected and control horses. Additionally, at Day 48 PI, there was a decrease in the percentage of viable B cells in infected versus control horses.
The mechanisms associated with these changes have not been determined. Possible explanations for these changes at Day 28 PI include S. neurona-related changes (i.e., enhanced CD8 activity causing CD8 death due to infection) or statistically significant, but biologically irrelevant, changes. These findings will be further investigated in future studies to determine their significance.
The results from this study differ from our results in naturally infected horses in which we saw a slight but significant increase in the total percentage of CD4 cells (Yang et al., 2006) . It also differs from Tornquist et al. (2001) who reported a lower percentage of CD4 cells in the EPM horses that were employed for that study. In all of these studies, the number of EPM horses was small. Possible explanations for the discrepancies between the studies include host conditions, i.e., immune competence, severity of disease, and time since infection, or parasite-specific factors, i.e., virulence or dose of organism. To verify whether S. neurona-infected horses do cause consistent changes in CD4 populations, we plan to perform additional studies.
With regard to antigen-specific proliferation responses to merozoites and SAG-1 antigen, no significant differences were observed. We believe that this could be due to the nonoptimized conditions of the assays for our laboratory at the time we performed the study. For the SAG-1 assay, we utilized Spencer et al. (2004) conditions. However, following completion of the study, we determined that a higher concentration of SAG-1 and longer incubation period were optimal. Additionally, for the merozoite proliferation assay, we determined that our previously optimized concentration of merozoites was suboptimal.
Another factor which likely affected the results was the strain of S. neurona employed for the antigen-specific proliferation and cytokine responses. We used S. neurona strain 37R (Sn-37R) as a mitogen for this study, which we believed expressed 1 of the major immunodominant antigens, SAG-1. However, Howe et al. (2007) have recently determined (data not shown) that SN-37R does not express SAG-1. Furthermore, the S. neurona strain used to infect the horses did express SAG-1. Therefore, we did not have optimal conditions to assess antigen-specific response based on the S. neurona strain employed for infecting the horses. In subsequent studies, we will utilize the revised SAG-1 conditions as well as optimized concentrations of a SAG-1 expressing strain of merozoites.
Overall, our results are inconsistent with the studies performed by others (Tornquist et al., 2001; Spencer et al., 2004) . As stated, this could be because our conditions were not optimal for some of the antigen-specific assays, which could limit our ability to detect altered responses. In the studies by Spencer et al. (2004) and Tornquist et al. (2001) , both groups found that EPM horses had suppressed S. neurona-stimulated proliferation responses. Neither group reported a mechanism for the suppressed responses. Spencer et al. (2005) later showed that leukocytes from the EPM horses had increased IL-4 expression. However, their study did not determine an association between altered cytokine expression and suppressed proliferative responses. Further studies are warranted to determine whether there is a correlation between altered IL-4 and IFN-gamma expression/production and proliferation responses. Other possible explanations for the differences in findings between the studies could be due to host factors associated with duration and severity of infection. Tornquist et al. (2001) appeared to have employed a range of horses with various durations of infection and severities of disease. Spencer et al. (2004) used a combination of both experimentally and naturally infected horses also of various durations of disease. For our study, we employed horses that were moderately acute (up to 48 days) PI. It is possible that the immune suppression may occur over some prolonged period of time, possibly associated with persistent infection. As we employed an experimental model in which the horses are normal prior to the study, there is a possible bias associated with the model that could influence our ability to detect S. neurona-specific immunomodulation. With our model, S. neurona is introduced into the host within the leukocytes, in a ''Trojan horse'' fashion, which potentially limits detection by the host immune response, at least early in infection. Therefore, it is possible, at least early postinfection, that there is a limited detection by the immune response to infection. Thus, our ability to detect these more minimal changes early postinfection is reduced. If this is true, then it may take a longer period of time to detect more significant changes in immune response. Therefore, following the horses for a longer period of time may provide additional meaningful data. Thus, although there are biases in utilizing this model, it is still an appropriate model to use. It may be that the time frame and/or degree nature of altered immune responses is somewhat delayed.
In addition to altered antigen-specific responses, S. neuronainfected horses also had suppressed in vitro immune responses to PMA/I. Interestingly, these data are consistent with those from horses naturally infected with EPM (Yang et al., 2006) . We have also observed this same finding in another trial of experimentally infected horses (data not shown). Possible explanations for the response include decreased proliferation by a particular population(s), increased cell death/apoptosis of a particular population(s), altered signaling within the populations present, and/or S. neurona infection of the cells.
As our next step will be to determine the mechanisms of suppression, we will briefly discuss the most likely explanations. PMA binds cell-surface receptors containing tyrosine kinases. This triggers the signaling cascade, which includes mi-togen-induced protein kinase C (MAPK) and second messenger cAMP (Lodish et al., 2003; Yang et al., 2006) . Once MAPK are activated, they translocate to the nucleus and bind members of the activated protein (AP-1) and nuclear factor kappa B (NFkB) family in the nucleus, including NF-kB1, as well as nuclear factor of activated T cells (NFAT). These factors then alter gene transcription (Thanos and Maniatis, 1995) . By contrast, ionomycin alters calcium stores, increasing calcium influx within the cell (Liu and Hermann, 1978; Yang et al., 2006) . Additionally, it has been demonstrated that ionomycin and other ionophores can cause S. neurona (Ellison et al., 2001) and T. gondii (Arrizabalaga and Boothroyd, 2004) to egress from host cells. Furthermore, Masek et al. (2007) demonstrated that extracellular sources of calcium were needed for T. gondii to induce intracellular changes in calcium within macrophage cell lines. The subsequent effects of infection and alteration of intracellular calcium levels were not determined.
Based on this information, it is clear that S. neurona infection correlates with PMA/I induced in vitro suppression in both naturally and experimentally infected horses. As we have found that these suppressed in vitro responses are present in both naturally and experimentally infected horses, we believe that this finding is very meaningful. If the mechanisms can be determined, it may provide critical information as to how S. neurona infects cells. This could shed some light on a possible means by which immune suppression or modulation could occur. Further, this assay could be used as a supplemental diagnostic assay for the early detection of horses with S. neurona infection and/ or EPM. Although this is an in vitro test, if there is a high correlation with S. neurona infection and suppressed response, this could be use to detect EPM cases early in disease. In doing so, treatment could be initiated quickly and outcomes could be improved.
In addition to assessment of immune function based on proliferative responses, T-cell function was also assessed based on IFN-gamma production. We found that at Day 5 PI, CD8 cells from infected versus control horses had decreased cell proliferation when stimulated with ConA, and there was a trend toward decreased interferon gamma production by CD8 cells stimulated with ConA. Spencer et al. (2005) has reported an increase in IL-4 gene transcription from cells of EPM horses. IL-4 is produced primarily by CD4 Th2 and CD8 Tc2 cells, whereas Tc1 and Th1 cells produce interferon gamma. Typically, 1 cell type will dominate the response, i.e., either Th1 and Tc1 cells or Th2 and Tc2 cells. Therefore, if there is a decrease in IFN gamma, there will often be a corresponding increase in IL-4 by the associated T-cell populations. Based on this information, additional studies are warranted to determine whether protein levels of IL-4 are increased and with a corresponding decreased IFN-gamma production.
From the study described here, we have demonstrated that horses experimentally infected with S. neurona develop altered immune function responses. The most significant is that by Day 2 PI, 7 of the 8 infected horses had lymphocytes with suppressed in vitro proliferation responses to PMA/I. These data are also consistent with our data in naturally infected horses with EPM (Yang et al., 2006) . These findings support the use of our experimental model of infection in order to investigate further the mechanisms of PMA/I-stimulated in vitro suppression, as this may reveal more information regarding the host-pathogen interactions of S. neurona in horses. Additionally, if the mechanism of suppression can be determined, this assay may have potential as a supplemental diagnostic test in the diagnosis of EPM.
